Effects of nozzle design on the noise from supersonic jets by Maestrello, L. et al.
EFFECTS OF NOZZLE DESIGN ON THE NOISE FROM SUPERSONIC JETS 
John M. Seiner, Thomas D. Norum, and Lucio Maestrello 
NASA Langley Research Center 
SUMMARY 
The aeroacoustic supersonic performance of var ious internal nozzle 
geometries i s  evaluated for  shock noise content over a wide range o f  nozzle 
pressure ratios.  
( C - D )  nozzle i s  measured and compared t o  convergent nozzles. Comparisons are also 
made for a Mach 1.5 conical C-D nozzle and a porous p l u g  nozzle. 
conical C-D nozzle shows a small reduction in shock noise re la t ive t o  the 
shock free case of the Mach 1 .5  C-D nozzle. The Mach 1.5 C-D nozzle i s  found  
t o  have a wide operating nozzle pressure r a t i o  range around i t s  design point 
where shock noise remains unimportant compared t o  the j e t  m i x i n g  noise 
component. However i t  is found t h a t  the Mach 2 C-D nozzle shows no significant 
acoustic benefit re la t ive t o  the convergent nozzle. Results from the porous 
plug nozzle indicate t h a t  shock noise may be completely eliminated, and  the 
j e t  mixing noise reduced. 
The noise emission o f  a Mach 1.5 and  2.0 convergent-divergent 
The Mach 1.5 
INTRODUCTION 
One o f  the key aeroacoustic problems regardi-ng the design of  a supersonic 
cruise a i r c ra f t  i s  increased acoustic emission produced by the presence of 
shocks i n  the j e t  exhaust plumes. 
completely dominate the j e t  mixinag noise components i n  the forward quadrant 
of an a i r c ra f t  engine tha t  i s  operated w i t h  a supercrit ical  nozzle pressure 
rat io .  
shock noise i s  an important component of  the noise associated with the Concorde 
a i rc raf t .  The reduction of t h i s  shock noise component is important both from 
the standpoint of community noise and acoustic fatigue of the a i rcvaf t  
structure as documented by Hay and Rosez. 
associated w i t h  the generation of shock noise i s  shown i n  f igure 1 .  
figure depicts a standard converging nozzle operating w i t h  a supercri t i ca l  
nozzle pressure r a t i o ,  so t h a t  a t  the e x i t  o f  the nozzle the s t a t i c  pressure 
i s  higher t h a n  t h a t  o f  the sur rounding  ambient medium. Upon leaving the nozzle 
e x i t  the flow expands th rough  the regular ser ies  of shocks i n  an attempt t o  
lower the j e t ' s  s t a t i c  pressure t o  that  of the sur rounding  medium. As the 
turbulent eddies convect th rough  the  shock cell  system i n  the outer radial 
regions of the j e t  plume, intense omnidirectional broadband noise i s  produced 
with a peak frequency associated with the eddy convection velocity and shock 
cel l  spacing. The turbulence i t s e l f  produces an unsteady location for  the 
shock waves i n  the shear layer which, a t  certain nozzle  pressure ra t ios ,  can 
cause the shock cell  system t o  go into a resonant mode from acoustic feedback 
This excess shock associated noise can 
The recent theoretical work of tfowe and Ffowcs-Williams1 suggests t h a t  
A simple i l l u s t r a t ion  of the physics (see Harper-Bourne and Fisher3) 
T h i s  
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t o  the  nozzle l i p .  
known as screech and has on ly  been c l e a r l y  documented f o r  unheated model super- 
sonic  j e t s .  
This cond i t ion ,  which was f i r s t  descr ibed by Powell4, i s  
The empi r i ca l  model o f  Harper-Bourne and F isher  adequately t r e a t s  the  
broadband shock noise component produced by convergent nozzles up t o  a nozzle 
pressure r a t i o  where a Mach d i s c  begins t o  fo rm.  
6 = ( M J ~  - l ) %  - 1.1, where MJ i s  the  f u l l y  expanded Mach number. 
Harper-Bourne and F isher  was p r i m a r i l y  developed from measurements w i t h  unheated 
convergent nozzles, b u t  r e c e n t l y  Tanna5 has es tab l i shed the  v a l i d i t y  o f  t h i s  
model f o r  heated model supersonic convergent nozzles. The essen t ia l  l i m i t a t i o n  
o f  the Harper-Bourne and F isher  model i s  t h a t  i t  i s  on l y  v a l i d  f o r  p r e d i c t i n g  
the shock content  associated w i t h  convergent nozzles. 
impor tant  t h a t  a new model be developed t h a t  t r e a t s  nozz le con f igu ra t i ons  
which achieve a reduc t i on  o r  complete e l i m i n a t i o n  o f  shock noise.  
Seiner and Norum6 have inves t i ga ted  the  o f f - d e s i  gn performance o f  
l abo ra to ry  type convergent-divergent nozzles, and have shown t h a t  a good noise 
reduc t ion  b e n e f i t  e x i s t s  over  a wide opera t ing  pressure r a t i o  range around 
the nozz le 's  design p o i n t .  While t h i s  no ise  reduc t ion  b e n e f i t  i s  encouraging, 
o f  broader i ssue i s  t he  shock no ise  reduc t ion  p o t e n t i a l  t h a t  i s  l i k e l y  t o  be 
a v a i l a b l e  w i t h  the use o f  i n d u s t r i a l  type convergent-divergent nozzles. 
This  occurs a t  a value o f  
The model o f  
It i s ,  o f  course, 
This paper repo r t s  on t w o  s tud ies  conducted a t  the  Langley Research Center 
on the  reduc t ion  o f  shock c e l l  no ise by means o f  convergent-divergent (C-D) 
nozzles and a porous p lug  suppressor. I n  the  f i r s t  study the no ise  character-  
i s  t i c s  o f  bo th  convergent and convergent-di vergent nozzles were documented over 
a wide opera t ing  nozz le pressure r a t i o  range. The nozz le pressure r a t i o  range 
was se lec ted  t o  span the  design po in ts  o f  a Mach 1.5 and Mach 2 C-D nozzle. 
I n  t h i s  way the  o f f -des ign  performance o f  these var ious nozz le geometries 
could be evaluated t o  p rov ide  new b a s i c  understanding o f  the shock noise 
product ion process, and prov ide  a data base f o r  the development o f  more accurate 
p r e d i c t i o n  schemes. 
I n  the second study a porous p lug  was i n t  o uced i n t o  the  center  o f  the  
This  paper repo r t s  on 
j e t  f l ow  from a convergent nozzle. Maest re l loS9d has shown t h a t  the  porous 
p lug  nozzle suppressor does i n d i c a t e  a c a n c e l l a t i o n  o f  the  shock noise component 
w i t h  an a d d i t i o n a l  reduc t ion  i n  the  j e t  mix ing noise.  
the acous t ic  performance r.f a much sho r te r  porous p l u g  nozzle suppressor than 
was used i n  references 7 and 8. 
s t i l l  achieved. 
The r e s u l t s  show t h a t  good no ise  reduc t ion  i s  
PROPERTIES OF OFF- DES I GN CONVERGENT- D I VERGENT NOZZLES 
Acoust ic  Faci 1 i ty 
The acous t ic  f a c i l i t y  used a t  t he  NASA Langley Research Center cons is ts  o f  
an anechoic room w i t h  i n t e r i o r  working dimensions o f  6.71 m x 8.43 m x 7.23 m. 
Nozzles are supported v e r t i c a l l y  i n  t h i s  chamber. The f a r - f i e l d  acous t ic  
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measurements i n v o l v e  t h e  use of 18 quar te r  inch  f r e e - f i e l d  condenser microphones 
(B&K 4135) l oca ted  un i fo rm ly  a t  7.5" i n t e r v a l s  on a f i x e d  rad ius  of 3.66 m 
between 30" and 157.5" w i t h  respec t  t o  the  upstream j e t  ax i s .  
data were recorded on FM tape (DC-80 kHz). 
arrangement i s  shown i n  f i g u r e  2. 
The acous t ic  
An i l l u s t r a t i o n  o f  the  exper imental  
For  t h i s  acous t i c  program s i x  nozzles were cons t ruc ted  whose i n t e r n a l  
contours are shown i n  f i g u r e  3. O f  these, two are  Mach 1 nozzles, one a 
con ica l  convergent and the  o t h e r  a contoured convergent nozzle,  t he  e x i t  f l ow  
from the l a t t e r  be ing  p a r a l l e l  t o  the j e t  a x i s .  The con ica l  convergent nozz le 
represents  t h e  t y p i c a l  i n t e r n a l  geometry f o r  c u r r e n t  commercial a i r c r a f t  engine 
nozzles, and t h e r e f o r e  i t s  c h a r a c t e r i s t i c  acous t i c  emission represents  the  
reference case upon which comparisons are  made. Three nozzles are convergent- 
d ivergent ,  and these inc lude  a Mach 1.5 C-D and Mach 2.0 C-D nozz le designed 
by the  method o f  c h a r a c t e r i s t i c s  f o r  p a r a l l e l  f l ow  a t  t he  nozz le e x i t .  
e x i t  Mach numbers were se lec ted  on the bas i s  t h a t  t h e  Mach 1.5 nozz le i s  
t y p i c a l  f o r  t he  nozz le pressure r a t i o  be ing  considered f o r  American supersonic 
c r u i s e  a i r c r a f t ,  w h i l e  the  Mach 2 represents a c u r r e n t  wperbound f o r  m i l i t a r v  
type a i r c r a f t .  The l a s t  C-D nozz le i s  a Mach 1.5 con ica l  C-D nozzle, designed 
t o  approximate the  contour  o f  t he  nozzle i n  the  F-15 a i rp lane .  
f l ow  from t h i s  nqzz le i s  d ivergent .  
nozz le t h a t  adapts the  porous p l u g .  
These 
The i n i t i a l  
The f i n a l  nozz le i s  a contoured convergent 
The e x i t  d iameter f o r  each nozzle, except f o r  t h e  porous p l u g  app l i ca t i on ,  
was chosen so t h a t  a t  s p e c i f i c  po in ts  c e r t a i n  nozzles would e x h i b i t  the  same 
i d e a l  t h r u s t .  The Mach 2 nozz le was se lec ted  as t h e  re fe rence and cons t ruc ted  
w i t h  an e x i t  d iameter o f  5 cm. So t h a t  the  Mach 1 nozzles would d e l i v e r  the 
same t h r u s t  a t  the  Mach 2 pressure r a t i o ,  thay were each cons t ruc ted  w i t h  a 
3.95 cm e x i t  d iameter.  The Mach 1.5 nozzles were cons t ruc ted  w i t h  a 4.28 cm 
e x i t  d iameter so t h a t  they and the  Mach 1 nozzles would have t h e  same t h r u s t  
a t  the  Mach 1.5 pressure r a t i o .  For the  above nozzles the  3.66 m microphone 
rad ius  represents d is tances where R/D - > 72. 
o f f -des ign  cond i t i ons  f o r  a l l  nozzles.  The pressure r a t i o s  under s tudy i n  
terms o f  B = O., .2, .4, .6, .7, .8, .94, l., 1.1, 1.34, 1.5, 1.72, 2., 2.1, 
and 2.15, where t h e  values o f  1.1 and 1.72 r e f l e c t  t h e  design pressure r a t i o s  
o f  the  C-D nozzles.  
Several pressure r a t i o s  were i n v e s t i g a t e d  which represent  bo th  design and 
Experimental Resul ts 
Flow F i e l d  o f  a Mach 2 C-D Nozzle - A t y p i c a l  example o f  t h e  shock 
s t r u c t u r e  encountered w i t h  the  opera t ion  o f  a convergent-d ivergent  nozzle a t  
an o f f -des ign  pressure r a t i o  i s  shown i n  the  s c h l i e r e n  photograph o f  f i g u r e  4. 
This photograph represents  the  case f o r  the  Mach 2 C-D nozz le opera t ing  i n  the  
underexpanded mode a t  a pressure r a t i o  o f  11.31 ( B  = 2).  
v a r i a t i o n  o f  Mach number f o r  t h i s  case i s  shown i n  the  lower  p o r t i o n  o f  
f i g u r e  4 .  A t  l e a s t  10 shock c e l l s  are ev ident ,  and these extend t o  a reg ion  
between 25 and 30 j e t  diameters downstream o f  t h e  j e t  e x i t .  Th is  f i g u r e  shows 
t h a t  the  supersonic core l eng th  i s  approximately 33 j e t  diameters and t h a t  t he  
The c e n t e r l i n e  
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shock c e l l  system i s  ex t ingu ished severa l  diameters upstream o f  t he  son ic  
po in t .  For  t h i s  pressure r a t i o  t h e  f u l l y  expanded Mach number i s  2.24, and 
the average t r e n d  o f  t he  Mach number v a r i a t i o n  approaches t h i s  i n  the  f i r s t  
15 j e t  diameters. 
As was discussed i n  the  In t roduc t i on ,  unheated supersonic  model j e t s  
produce h igh  ampl i tude d i s c r e t e  frequency no ise  genera t ion  known as screech. 
This component does n o t  appear p reva len t  i n  h o t  engine j e t  exhaust plumes, and 
the  suppression o f  t h i s  component i s  common p r a c t i c e  w i t h  research on model 
unheated j e t s .  The general  problems associated w i t h  the  sup r e s s i o n  o f  t he  
screech mode i n  model j e t s  a re  discussed by Seiner  and Norumi, and there  i t  
i s  shown t h a t  t he  s t a b i l i z a t i o n  o f  t h e  o s c i l l a t i n g  shock s t r u c t u r e  by a tab 
leads t o  ser ious  d i f f i c u l t i e s  i n  i n t e r p r e t i n g  acous t ic  data f o r  shock no ise  
content.  Therefore the  comparisons i n  t h i s  s e c t i o n  a re  f o r  model nozzles 
w i t h o u t  screech suppression, a l though r e s u l t s  f rom the  use o f  a tab are  
presented i n  f i g u r e s  5a and 5b. 
D i r e c t i v i t y  and Power Spectra o f  Shock Associated Noise - The d i r e c t i v i t y  
of o v e r a l l  acous t i c  l e v e l s  c l e a r l y  i n d i c a t e s  the  deqree o f  shock no ise  
contaminat ion t o  be observed whenrunn ing  a convergent nozz le r e l a t i v e  t o  a 
C-D nozz le s t  i t s  design p o i n t .  
func t ion  o f  angle r e l a t i v e  t o  the  j e t  f l o w  i n l e t  a t  a pressure r a t i o  o f  3.60 
( 6  - 1.1). 
nozzles, and the  Mach 1.5 C-D nozzle.  
screech mode, w h i l e  f i g u r e  5b d i sp lays  a comparison w i t h  t h e  screech mode 
suppressed by a tab. A l l  t h ree  nozzles were designed t o  have t h e  same t h r u s t  
a t  t h i s  pressure r a t i o .  By comparing the  d i r e c t i v i t i e s  o f  f i g u r e s  5a and 5b 
i t  i s  ev iden t  t h a t  the  Mach 1 con ica l  nozz le conta ins s t rong  screech tones a t  
t he  Mach 1.5 design pressure r a t i o .  With the  screech mode suppressed the re  i s  
l i t t l e  d i f f e r e n c e  i n  the  no ise  l e v e l s  o f  t he  con ica l  convergent and con ica l  C-D 
nozzle. One can a l s o  observe t h a t  each con ica l  nozz le s t i l l  e x h i b i t s  s t ronq  shock 
Figures 5a and 5b show acous t i c  l e v e l  as a 
Resul ts a r e  shown f o r  the  con ica l  convergent and con ica l  C-D 
F igure  5a inc ludes  the  e f f e c t  o f  the  
no ise  when compared w i t h  the shock f r e e  no ise  l e v e l s  ob ta ined w i t h  the  Mack 1.5 
C-D nozzle. 
The data o f  f i g u r e  5 i n d i c a t e s  t h a t  shock no ise  dominates t h e  j e t  forward 
arc  (0 < I) < 90'). The narrowband power spec t ra l  dens i t y  curves o f  f i g u r e s  
6a and c b  SFOW the  na ture  o f  t h i s  shock no ise  conten t  a t  $ = 45' f o r  t he  
Mach 1 con ica l  and Mach 1.5 con ica l  C-D nozzles r e s p e c t i v e l y .  I n  each case 
the  shock f r e e  contoured Mach 1.5 nozz le i s  shown f o r  comparison. I t  i s  
ev iden t  f rom these data t h a t  t he  broadband shock no ise  o f  bo th  con ica l  nozzles 
are  r e l a t i v e l y  the  same. Exccqt f o r  t he  presence o f  screech tones i n  the  
Mach 1 con ica l  nozzle, t he  con ica l  C-D nozz le appears t o  o f f e r  an i n s i g n i f i c a n t  
acous t ic  b e n e f i t  a t  these cond i t i ons  r e l a t i v e  t o  the  con ica l  convergent nozzle. 
Shock Noise B e n e f i t  o f  C-D Nozzles - I n  o rder  t o  eva lua te  the  e x t e n t  o f  
the pressure r a t i o  range where a C-D nozzle,  designed f o r  shock f r e e  f low, 
o f f e r s  a no ise  reduc t i on  r e l a t i v e  t o  a convergent nozz le t h e  o v e r a l l  sound 
pressure l e v e l  v a r i a t i o n  w i t h  B i s  shown i n  f i g u r e  7 a t  $ = 45". 
i n d i c a t e s  t h a t  there  i s  a l a r g e  range o f  nozz le ressure  r a t i o s  around the  
design p o i n t  o f  t he  Mach 1.5 C-D nozz le ( B  = 1.1 P where cons iderab ly  l ess  
no ise  i s  r a d i a t e d  compared t o  t h a t  produced by  the  s t rong  shock c e l l  s t r u c t u r e  
of the  Mach 1 con ica l  nozz le.  One can a l so  observe w i t h  t h e  Mach 1. con ica l  nozz le  
This f i g u r e  
t h a t  beyond 6 = 1.1 the v a r i a t i o n  o f  acous t ic  l e v e l  w i th  t h e  parameter 6 l e v e l s  
o f f  and even decreases. 
i n  the secondary wavelength o f  the shock c e l l  system r e s u l t i n g  f rom the  
format ion o f  a Mach d i s c  as was repor ted  i n  reference 6. 
Mach d i sc  f o m s  the  s t reng th  o f  the shock c e l l  system s t a r t i n g  w i t h  the 
second shock c e l l ,  weakens i n  the  j e t ' s  shear l aye r .  
v a r i a t i o n  o f  sound pressure w i t h  6 f o r  the  Mach 1.5 con ica l  C-D nozzle, and as 
expected, the acous t ic  b e n e f i t  i s  much smal le r  than f o r  t h e  Mach 1.5 C-D 
nozzle. 
This change i n  shape corresponds t o  the  change observed 
Ev iden t l y  as the 
F igure  7 a l so  shows the 
I n  cons idera t ion  o f  the complexi ty assoc iated w i th  i n t e g r a t i o n  o f  an 
engine nozzle w i t h  the  optimum operat ing cond i t ions  o f  an a i r c r a f t ' s  engine 
and a i r f rame,  i t  i s  d i f f i c u l t  t o  p rescr ibe  what one may consider  t o  be the  
bes t  method f o r  eva lua t i ng  a j e t  no ise b e n e f i t .  Since we a re  a t tempt ing  t o  
compare the  r e l a t i v e  acous t ic  performance o f  convergent and C-D nozzles, a 
l o g i c a l  choice i n  model sca le  appears t o  be the  i d e a l  t h r u s t .  Also, the  t o t a l  
i n teg ra ted  sound power o f  the  f l ow  appears t o  p rov ide  the  most complete view 
o f  the dominance o f  the  shock noise component over  j e t  m ix ing  noise.  Hence, 
the  t o t a l  i n t e g r a t e d  sound power l e v e l  i s  presented aga ins t  i d e a l  t h r u s t  i n  
f i g u r e  8 f o r  the  th ree  contoured nozzles tested.  
I n  t h i s  f i g u r e  the  th ree  darkened syrho ls  correspond t o  the  design po in ts  
of the th ree  nozzles. For both C-D nozzles the minimum no ise  p o i n t  f o r  each 
depression around the  design p o i n t  occurs i n  the  overexpanded region, n o t  a t  
the  design po in t .  For the Mach 1.5 C-D nozzle, there  i s  a 6 dB maximum 
d i f fe rence compared t o  a contoured convergent nozz le w i th  i d e n t i c a l  t h r u s t .  
There i s  a l s o  a wide opera t i ng  range where the Mach 1.5 C-D nozz le produces 
less  noise.  The case of  the  Mach 2 C-D nozzle i s  very  d i sappo in t i ng  s ince  
f i gu re  8 shows t h a t  i n  comparison t o  a convergent nozz le i t  produces more 
noise a t  t he  same t h r u s t  a lmost across the e n t i r e  pressure r a t i o  ranqe. 
Defore, th is  p r i m a r i l y  occurs s ince  shoek no ise  i s  r e l a t i v e l y  weak w i t h  a Mach 1 
convergent nozzle a t  n igh  nozzle pressure r a t i o s ,  and the  format ion o f  a Mach 
d i s c  produces a subs tan t i a l  reg ion  o f  subsonic f l o w  which reduces the j e t  m ix ing  
noise.  Figure 8 i n d i c a t e s  t h a t  a Mach 1.5 C-D nozz le cou ld  represent  an optimum 
s e l e c t i o n  f o r  a design Mach nunber. This, of course, requ i res  f u r t h e r  i n v e s t i g a t i o n .  
As noted 
The r e s u l t s  o f  t h i s  study are  on ly  s t r i c t l y  r e l e v a n t  t o  the  case of unheated 
model j e t s  where the dominance o f  the shock no ise  component over j e t  m ix ing  
no ise  can be c l e a r l y  d is t ingu ished.  
heat  add i t ion ,  t he  j e t  m ix ing  no ise  increases b u t  the  shock no ise  remains 
r e l a t i v e l y  constant  (see Tanna5). Thus, the  r e s u l t s  shown i n  t h i s  sect ion,  
and p a r t i c u l a r l y  i n  f i g u r e s  7 and 8, most l i k e l y  i n d i c a t e  the  maximum noise 
b e n e f i t  a v a i l a b l e  through use of  a convergent-divergent nozzle.  
With inc reas ing  j e t  e x i t  v e l o c i t y  due t o  
POROUS PLUG NOZZLE SUPPRESSOR 
The use o f  a porous p lug  nozz le as a means o f  reducing j e t  no ise has been 
d e t a i l e d  i n  references 7 and 8. 
p lug  centerbody w i t h  a s h o r t e r  l eng th  than i n  the  prev ious repo r t s .  
Th is  sec t i on  repo r t s  r e s u l t s  f o r  a porous 
Inc luded 
483 
are shadowgraph p i c t u r e s  and the  associated acous t ic  f a r - f i e l d  spect ra f o r  the 
p lug  nozzle i n  comparison t o  a standard convergent nozzle. 
Descr ip t ion  o f  the  Nozzle - The porous p lug  nozz le suppressor i s  shown 
i n  f i gu re  9. 
a f l ow  e x i t  area o f  20.27 cm2. The porous centerbody extends 24 cm from the  
nozzle e x i t ,  and i t  has a sur face p o r o s i t y  o f  about 2 percent  ( r a t i o  o f  open 
area t o  t o t a l  area) which was accomplished by d r i l l i n g  a p a t t e r n  o f  0.07 cm 
r a d i a l  holes around i t s  per iphery.  
on one end i n s i d e  the  nozz le and i s  vented t o  the  j e t  stream a l l  a long i t s  
length.  
This c o n f i g u r a t i o n  has a p lug/nozz le diameter r a t i o  0.833, w i th  
The i n t e r i o r  c a v i t y  o f  the  p lug  i s  sealed 
A standard convergent nozz le w i t h  an e x i t  d iameter o f  5.08 cm and w i t h  
the  same open f l ow  e x i t  area as the  porous p lug  nozz le was t e s t e d  t o  ob ta in  
comparable data as a bas i s  f o r  eva lua t i ng  the aeroacoust ic  performance o f  
the porous p lug  nozzle.  
between 1.136 - 3.72 and a t  ambient temperature. 
The t e s t  was conducted over a range o f  pressure r a t i o s  
Experimental Resul ts  - The shadowgraph p i c t u r e s  o f  f i g u r e  9 i l l u s t r a t e  
some o f  the opera t iona l  fea tures  o f  the  porous p l u g  nozz le a t  a pressure r a t i o  
o f  3.72. These p i c t u r e s  a re  f o r  a longer  plug, repo r ted  i n  references 7 and 8 
and are shown here f o r  the  purpose o f  i l l u s t r a t i n g  the  concept o f  the f l o w  
behavior over  a porous sur face.  
The f l ow  o f  the standard convergent nozzle ( f i g u r e  9, top) i s  underexpanded, 
a cond i t i on  favorab le  f o r  the  format ion o f  shocks i n  the  j e t .  Por t ions  o f  
shock c e l l s  a re  ev ident ,  and others were observed downstream o f  t he  reg ion  
shown i n  the photograph. 
eventua l l y  disappear as the f l o w  becomes subsonic. 
shocks w i t h  convected turbulence i s  the source o f  broadband shock no ise  
emanating f rom the j e t .  
The shocks a re  weaker f u r t h e r  downstream and 
The i n t e r a c t i o n  o f  these 
The f l ow  development o f  a nonporous p lug  nozzle (a  p lug  nozzle w i thou t  
vent ing  holes)  i s  shown i n  the middle photograph o f  f i g u r e  9.  The shock 
p a t t e r n  appears t o  be much weaker than i n  the standard nozzle,  probably due t o  
the e l i m i n a t i o n  o f  shock focus ing a t  the c e n t e r l i n e .  The f l o w  f rom the  porous 
p lug  nozzle ( f i g u r e  9, bot tom) looks f r e e  o f  shocks, i n d i c a t i n g  t h a t  the 
vent ing  holes permi t  an adjustment o f  pressure g rad ien t  i n  the  f l ow  and hence 
prevent ing the  format ion o f  shocks. 
F a r - f i e l d  acous t ic  power spect ra o f  the porous p lug  and standard convergent 
nozzles a re  compared i n  f i g u r e  10. 
j e t  e x i t  and are presented f o r  angles o f  50°, go", and 160" f rom the  i n l e t .  
The data were obta ined a t  3.81 m f r o m  the 
The spect ra o f  the  standard j e t  a t  angles o f  50" and 90' e x h i b i t  bo th  
screech tones and broadband shock noise.  A smal le r  tone appears a t  160°, 
a l though t h i s  spect ra appears t o  be dominated by j e t  m ix ing  noise.  The data 
from the porous p lug  nozzle i n d i c a t e  no peaks due t o  shock associated noise.  
This r e s u l t  i s  cons i s ten t  w i t h  the  shadowgraph o f  f i g u r e  9 which suggests t h a t  
the  shock waves are  e l im ina ted  i n  the  porous p lug  nozzle f low.  
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Note a l so  t h a t  the porous p lug  nozzle spec t ra  i n d i c a t e  no ise  reduct ions 
a t  e s s e n t i a l l y  a l l  f requencies a t  each o f  the  angles. 
can t  reduct ions a re  obta ined a t  160°, where the  m ix ing  no ise  dominates, 
suggests t h a t  i n  a d d i t i o n  t o  shock noise reduct ion,  the porous p lug  nozzle 
a l so  y i e l d s  a reduc t ion  i n  the  j e t  mix ing noise.  
I n  p a r t i c u l a r ,  s i g n i f i -  
This 
Although n o t  shown here, s i g n i f i c a n t  mix ing no ise  reduc t i on  occurs even 
when the Mach number i s  subsonic, p a r t i c u l a r l y  a t  smal l  angles f rom the j e t  
ax is .  The d i f f e rences  i n  the  noise l e v e l s  between us ing a s h o r t  porous p lug  
and a longer  one were repo r ted  i n  references 7 and 8. 
a longer  p lug  produces l e s s  j e t  mix ing no ise  a t  low frequency a t  angles near 
the j e t  ax i s .  
versus 1 onger p l  ug centerbody. 
There i t  was shown t h a t  
This  d i f f e r e n c e  r e f l e c t s  the t r a d e - o f f  between us ing a s h o r t  
CONCLUSIONS 
This paper has examined the  p o t e n t i a l  no ise  b e n e f i t  o f fe red  by  a convergent- 
d ivergent  nozzle r e l a t i v e  t o  a con ica l  convergent nozz le over  a wide range o f  
operat ing pressure r a t i o s .  
C-D nozzle a 6 dB reduc t ion  o f  t o t a l  i n t e g r a t e d  sound power was achieved over  
a Mach 1 contoured convergent nozz le operated a t  t he  same t h r u s t .  
reduc t ion  o f  t o t a l  acous t ic  power was found i n  the  comparative case o f  t he  
Mach 1.5 con ica l  C-D nozzle.  For the case o f  a Mach 2 nozzle, i t s  b e n e f i t  over 
a convergent nozzle i s  l ess  promising unless i t  would be impera t ive  t o  reduce 
the sound pressure l e v e l s  s l i g h t l y  i n  the j e t ' s  forward a rc  as has been repor ted  
i n  re ference 6. The data w i t h  C-D nozzles c l e a r l y  i n d i c a t e  t h a t  cu r ren t  con'- 
cepts regard ing the  design o f  the  Mach 1.5 con ica l  C-D nozz le  i s  inadequate fo r  
e l i m i n a t i o n  o f  shock noize.  I t  i s  perhaps poss ib le  t o  emulate the shock noise 
reduc t ion  performance o f  the l abo ra to ry  type C-D nozz le by consider ing o ther  
i n t e r n a l  nozzle shapes t h a t  cancel i n t e r n a l  shock waves more completely.  
I n  the  case o f  the shock f r e e  contoured Mach 1.5 
A smal le r  
The r e s u l t s  on the  porous p lug  nozzle suppressor show t h a t  bo th  the  
screech and broadband shock associated no ise  are  e l im ina ted  w i t h  an a d d i t i o n a l  
decrease i n  the j e t  m ix ing  component. 
suppressor i s  pa ramet r i ca l l y  dependent on the p l u g ' s  sur face  p o r o s i t y  and 
length.  
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A 
Figure  2.- Anechoic test f a c i l i t y .  
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Figure 7.- Shock noise benefit o,f Mach 1.5 nozzles. 
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Figure  9.- Porous plug nozz le  suppressor .  
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